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H I G H L I G H T S

� 90Y separation was attempted from 90Sr using solvent extraction.
� DGA-functionalized calixarenes were used as extractants.
� Separation factors in the excess of 106 were obtained.
� The purity of the product was ascertained by half-life method.
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a b s t r a c t

Several diglycolamide-functionalized calix[4]arenes containing four and eight diglycolamide (DGA)
moieties were evaluated for their relative extraction efficiencies towards Y(III) and Sr(II). Ligands
containing four DGA units with n-propyl, iso-pentyl, and n-octyl groups at the amidic N atom adjacent to
the calix[4]arene skeleton showed efficient extraction of Y(III) from 3 M HNO3. The extraction of Sr(II)
was poor in all cases in the entire acidity range (0.1–6 M HNO3) studied. The ligands with a hydrogen
atom and an n-propyl group at the concerning amidic N atom showed a very high separation efficiency as
reflected in separation factor (S.F.¼DY/DSr) values in the range of 105–106. A method was developed for
the separation of carrier-free 90Y from a 90Y-90Sr mixture involving consecutive extraction–stripping
cycles. The product purity was checked using half-life measurements. Two consecutive cycles of
extraction and stripping were found to be sufficient for obtaining pure 90Y. The results obtained in the
present studies were compared with those obtained previously using analogous ligands such as TODGA
(N,N,N0 ,N0-tetraoctyl diglycolamide), T2EHDGA (N,N,N0 ,N0-tetra-2-ethylhexyl diglycolamide), and PC-88A
(bis(2-ethylhexyl) phosphonic acid).

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

90Y based radiopharmaceuticals are widely used for the treatment
of cancerous tissues in targeted therapy. Ideal characteristics of 90Y
such as short half-life (t1/2¼64.1 h) and high energy radiations (β-
max¼2.2 MeV) make it one of the most suitable radioisotopes for
radiopharmaceutical applications (Ferrari et al., 2006; Kaltsas et al.,
2005). 90Y can be prepared by irradiation of 89Y in a nuclear reactor.
Though the radionuclide purity of the activated 90Y is very high, the
low neutron absorption cross section of 89Y (0.001 b) makes the
product with very low specific activity (Qaim, 2001). Alternatively,
carrier-free 90Y is a better option and is often required for targeted
therapy using DOTA type complexes (Barone et al., 2005). The tracer

can be obtained by separation of 90Y from 90Sr, which contains the
former as its daughter product in a secular equilibrium (IAEA, 2009). In
view of the large half-life of 90Sr (t1/2¼28.5 yr), 90Y can be separated
from the parent source whenever the need arises and it can act as a
generator similar to the 99Mo–99mTc generator. 90Sr is one of the most
abundant fission product radionuclides in spent nuclear fuel as it is
generated during the fission reaction in high yield. Therefore, nuclear
waste is the biggest source of 90Sr and there are efforts to recover this
important radionuclide (Schulz and Bray, 1987). Furthermore, the
development of an efficient method for the separation of 90Y from
90Sr is a challenging task. It is well known that 90Sr is a bone seeker
and the maximum permissible body burden of this radionuclide is
74 kBq or 2 μCi (NBS, 1959) and for a radiopharmaceutical containing
Curie level radioactivity, decontamination factor values as high as 106

are a pre-requirement, while designing a separation process. Separa-
tion of mega curie quantities of 90Y is possible by developing suitable
Y(III) selective molecules with very little affinity for Sr(II).
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Several techniques such as solvent extraction (Wike et al., 1990;
Lee and Ting, 1991), ion-exchange (Suzuki, 1964; Roy et al., 2004),
extraction chromatography (Hsieh et al., 1993), precipitation (Salutsky
and Kirly, 1955), liquid membrane (Ramanujam et al., 2001), etc, have
been used for the separation of 90Y from 90Y–90Sr mixtures. The
principle involved in such separation methods is either the prefer-
ential complexation of Y(III) using selective extractants like PC-88A
(bis(2-ethylhexyl) phosphonic acid) and CMPO (carbamoylmethylpho-
sphine oxide) (Dhami et al., 2007) followed by stripping/elution or
preferential extraction of Sr(II) using ligands such as crown ethers
(Dietz and Horwitz, 1992) leaving behind the carrier-free 90Y in the
feed. Horwitz et al. (1992) developed a Sr specific resin (Sr-SPECs) for
the selective sorption of Sr from acidic feeds using a Sr2þ ion specific
crown ether, viz., di-tert-butyl-dicyclohexano-18-crown-6 as the
extractant and 1-octanol as the diluent. The method involves loading
of a mixture of 90Y-90Sr in 3 M HNO3 on to a column made from
Sr-Specs resin, which holds 90Sr, while 90Y passes through. Though
the product was reasonably free from 90Sr, it was not good enough for
pharmaceutical usage. Chakravarty and Dash (2012) showed that the
purity of the 90Y product obtained using a crown ether-containing
resin in a chromatographic mode can be improved. However, the
disadvantage of this method includes extensive damage of the resin
due to the high energy beta particles emitted from both 90Sr and 90Y.
Kandwal et al. (2011) used a liquid membrane-based separation
method using PC-88A as the extractant. Though the throughput was
significantly higher compared to another liquid membrane method
mentioned above (Dhami et al., 2007), the product purity was not
satisfactory.

Diglycolamide (DGA) ligands are reported to be highly efficient
extractants for actinides and have shown a preference for the trivalent
lanthanides over the trivalent actinides (Sasaki et al., 2001). On the
other hand, alkali and alkaline earth metal ions such as Csþ and Sr2þ

are extracted to a much lower extent suggesting reasonably high
decontamination from these cations. In view of the similarity in the
chemical properties of trivalent lanthanides and Y3þ , it was expected

to obtain a good separation of 90Y from 90Sr using diglycolamides.
Dutta et al. (2011a–2011c, 2012) utilized this property to report a
reasonably satisfactory separation behaviour of the metal ions using
TODGA (N,N,N0,N0-tetra-n-octyl diglycolamide) and N,N,N0,N0-tetra(2-
ethylhexyl) diglycolamide (T2EHDGA). These studies resulted in rea-
sonably good decontamination factor (DF) values as seen from half-life
measurements, which could be improved by fine tuning of the
separation method. For example, the DF values could be made higher
by increasing the number of extraction stripping stages.

Multiple diglycolamide-functionalized extractants such as tri-
podal diglycolamide (T-DGA, (Mohapatra et al., 2011)) and
diglycolamide-functionalized calix[4]arenes (Mohapatra et al.,
2012a, 2012b) not only resulted in a significant enhancement in
the distribution ratio (D) values of the trivalent lanthanides and
actinides, but also in the separation factor values, compared to
TODGA. However, almost no change in the corresponding D values
for Sr(II) was observed. This makes this class of extractants as
significantly more efficient than those already known for the
separation of 90Y from a mixture containing 90Y and 90Sr.

The present paper deals with the use of a series of DGA-
functionalized calix[4]arenes (L-I–L-V, Fig. 1) for the separation of
carrier-free 90Y from 90Sr. The purity of the product radionuclide was
tested by the conventional half-life method. The stripping of the
extracted 90Y was carried out using (ethylenediamine-N,N,N0,N0-tetra-
acetic acid). The eluted fraction containing these strongly complexing
ligands suggested their direct application as radiopharmaceuticals.

2. Experimental

2.1. Reagents

Synthesis of the DGA-functionalized calix[4]arenes L-I–L-V was
carried out at following procedures described elsewhere (Iqbal
et al., 2012). The ligands were characterized by NMR, IR, and ESI-
MS and were also used for obtaining metal ion distribution ratio
values reported earlier (Iqbal et al., 2012), which was an indirect
method of testing the purity. 99% Pure n-dodecane (Lancaster) and
isodecanol (Fluka) were used as received. All the other reagents
were of AR grade and were used without further purification.
Suprapur nitric acid (Merck) was used for the preparation of dilute
nitric acid solutions using milli-Q water (Millipore).

90Y tracer studies were carried out using a stock solution of the
radionuclide obtained by the neutron activation of 99.99% pure
Y2O3, which was subsequently dissolved in suprapur nitric acid
and diluted with deionized water. 85,89Sr tracer was procured
from BRIT, Mumbai, and was used as a surrogate for 90Sr. 90Y was
assayed by beta counting using a liquid scintillation counting
system (Hydex, Finland) using a toluene-based scintillator cocktail
(Sisco Research Laboratory, Mumbai), while the assaying of 85,89Sr
was done by gamma counting using a well type NaI(Tl) scintilla-
tion counter (Para Electronics, India) inter phased to a multi-
channel analyzer (ECIL), respectively.

2.2. Solvent extraction studies

The solvent extraction studies were carried out by vortexing
Pyrex glass tubes containing equal volumes (usually 1 mL) of the
tracer spiked (either 90Y or 85,89Sr) aqueous phase at the desired
acidity with the organic phase containing the DGA-functionalized
calix[4]arene extractants L-I–L-V in a 95% n-dodecaneþ5% iso-
decanol diluent mixture in a rotary thermostated water bath for an
hour at 25.070.1 1C. Subsequent to agitation, the tubes were
centrifuged and assayed by taking suitable aliquots (usually
100 μL) from both phases. Typically, the concentration of both
Y(III) and Sr(II) was in the range of 10�4–10�5 M. The distribution

Fig. 1. Structures of DGA-functionalized calix[4]arene ligands L-I: R¼H; L-II: R¼n-
propyl, L-III: R¼3-pentyl, L-IV: R¼n-octyl, and L-V.
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ratio of the metal ion (DM) is defined as the ratio of the activity
(counts per minute) of the tracer per unit volume in the organic
phase to that in the aqueous phase. The separation factor (S.F.) is
defined as the ratio of DY to DSr, while the decontamination factor
is defined as the ratio of the ratio of concentration of Y to Sr in the
product to that in the feed solution. Half-lives were measured by
following the activity of the product as a function of time over
several days. All solvent extraction experiments were carried out
in duplicate and the distribution ratio (DM) data represent the
average of the two results. The material balance in all the Y(III)
experiments was within an error limit of 75%, while the data
involving Sr(II) had an error limit of 72%.

3. Results and discussion

Since some of the DGA-functionalized calix[4]arene ligands
have a poor solubility in pure n-dodecane prompted us to use a
mixture of 95% n-dodecaneþ5% iso-decanol. This diluent mixture
has been used by us in earlier studies involving actinide ion
extraction (Gujar et al., 2010a). In studies involving TODGA and
T2EHDGA as the extractants, this diluent composition has been
used with good results for possible actinide partitioning runs
(Gujar et al., 2010b, 2012). We have used a solution of T2EHDGA
in an n-dodecane–iso-decanol mixture to get a purer form of 90Y
from 90Sr as compared to a solution in chloroform (Dutta et al.,
2012).

3.1. Effect of the feed nitric acid concentration

The separation efficiency of 90Y from its parent radionuclide
(90Sr) has been reported to be dependent on the feed acid
concentration. Such behaviour was previously reported (Kandwal
et al., 2011) using PC-88A (an acidic extractant) as the Y(III)
selective ligand. Acid concentration dependent separation effi-
ciency was seen in separate reports with both TODGA as well as
T2EHDGA (Dutta et al., 2011a, 2011b). Apparently, the extraction of
both Y(III) and Sr(II) varies with the nitric acid concentration,
though not to the same extent resulting in high separation factor
values at both 1 M as well as 6 M HNO3 (Dutta et al., 2011a).

The extraction profiles of Y(III) were obtained from aqueous
feed solutions containing 0.01–6 M HNO3 with the DGA-
functionalized calix[4]arenes L-I–L-V and the data are presented

graphically in Fig. 2. In all cases, the extraction increased with
increased aqueous phase acid concentration, though the shapes of
the profiles are different. While a slow initial increase in Y(III)
extraction at lower acidities which changed to a rather sharp
increase in the DY values beyond 0.5 M HNO3 was seen in case of
L-I, a faster increase followed by plateau-like profiles were
observed in case of the rest of the ligands (Fig. 2). Further, at 2–
3 M HNO3 (Table 1), relatively higher Y(III) extraction was
observed for L-I, L-II, and L-III as compared to L-IV and L-V. L-II
gave rise to higher DY values than the other extractants in the
major part of the acidity range investigated. The extraction trend
of the DGA-functionalized ligands L-I–L-V at 3 M HNO3 was as
follows: L-II4L-IIIbL-V4L-I4L-IV, while it was L-IIcL-III4
L-V4L-IVbL-I at lower than 2 M HNO3, suggesting the role of the
nitric acid concentration on the relative extraction efficiencies of
the ligands. The extraction of nitric acid by the ligands was found
to be negligible using a reported method on volumetric titrations
of the organic phase using phenolphthalein indicator (Gujar et al.
2010a). In view of low concentrations of the ligand, even 1:1 or 1:2
species formation with L and HNO3 (as L �HNO3 or L �2HNO3) are
expected not to affect the extraction equilibrium significantly and
hence, are ignored hereafter.

At 0.01 M HNO3, L-II to L-V yielded DY values in the range of
0.03–0.1, which are reasonably low as compared to the metal ion
extraction at higher acidities suggesting that the metal ion can be
stripped by equilibrating with a pH 2 solution. The most efficient
stripping data at pH 2 as the aqueous phase can, however, be
obtained with L-I as the extractant (Fig. 2). At least till about 2 M
HNO3 (see Fig. 2) the substituents at the amidic nitrogen atoms in
ligands L-II–L-IV give rise to higher extraction efficiency compared
to that of L-I. This may be caused by the higher basicity, better
lipophilicity, and steric reasons as outlined before for actinide/
lanthanide extraction (Iqbal et al., 2012).

Though it is known that Sr(II) extraction is rather low as
compared to the extraction of trivalent lanthanides and actinides,
it was of interest to study the extraction behaviour of the DGA-
functionalized calix[4]arenes L-I–L-V. Table 2 lists the Sr(II)
extraction data which are unusually low (o10�4), particularly
for L-I and L-II, while the DSr values of the other extractants (L-III
to L-V) are more than two orders of magnitude larger. This implies
that the most impressive separation factor (S.F., defined as DY/DSr)
values were obtained with ligands L-I and L-II being as large as
�4�106 (Table 3). Similar large separation factors have been
reported in literature while using crown based extractants (Vanura
and Jedináková-Krízová, 2003; Makrlík and Vanura, 2008).
We have previously carried out studies with other DGA ligands
such as TODGA and T2EHDGA which, though have shown favour-
able extraction for Y(III) as compared to Sr(II), did not appear as
promising as these multiple DGA-functionalized ligands used in
the present study. A graphical representation of the separation factor
data is shown in Fig. 3. As shown in Table 4, These S.F. values are about
two orders of magnitude larger than those obtained with TODGA
(Dutta et al., 2011a) and four orders of magnitude higher than
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Fig. 2. Effect of feed acidity on Y(III) uptake by DGA-functionalized calix[4]arene
ligands L-I–L-V; [Ligand]¼1.0�10�3 M, equilibration time: 1 h.

Table 1
Y(III) extraction data with 1.0�10�3 M DGA-functionalized calix[4]arene ligands
L-I–L-V.

Ligand DY Slopes of log DY vs log [L]
plots obtained at 3 M HNO3

2 M HNO3 3 M HNO3

L-I 9.3671.31 77.574.4 2.2170.02
L-II 263714 39476 1.6270.03
L-III 10272.8 343714 2.3070.04
L-IV 68.870.9 70.671.5 0.7670.05
L-V 80.871.5 93.172.5 0.9570.03
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that obtained with T2EHDGA (Dutta et al., 2011b) as the extractant,
clearly demonstrating the role of the calix[4]arene-based extractants
in obtaining a higher selectivity for a particular metal ion. The higher S.
F. values are attributed to a ‘cooperative action’ in the favourable
extraction of Y(III). Furthermore, the crown ether like structure
suggested (Dutta et al., 2012) for the extraction of Sr(II) is apparently
lower with these ligands where the DGA arms are sitting on the calix
[4]arene scaffold. On the other hand, the S.F. values were only 12 times
larger than those obtained with PC-88A as the extractant (Table 4).

3.2. Nature of the extracted species

The extraction of Y3þ using diglycolamide extractants such as
TODGA or T2EHDGA has been reported (Dutta et al., 2011a, 2011b)

to follow a mechanism common to that of neutral extractants in
the presence of a counter anion such as nitrate, as given below:

Y3þ
ðaÞ þ3 NO3

�
ðaÞ þnLðoÞ⇌YðNO3Þ3�ðLÞðoÞ ð1Þ

where (a) and (o) represent species in the aqueous and the organic
phases, respectively, while L denotes the diglycolamide ligand.
Due to a direct dependence of the metal ion transfer to the organic
phase on the nitrate ion concentration, the above mentioned
increase in the metal ion extraction occurred with increasing
nitric acid concentrations. On the other hand, the plateau at higher
concentrations of nitric acid can be attributed to a parallel adduct
formation of the ligand with nitric acid as given below:

nHþ
ðaÞ þnNO3

�
ðaÞ þLðoÞ⇌L�nHNO3ðoÞ ð2Þ

where n can be either 1 or 2. In case of the DGA-functionalized
calix[4]arenes L-I–L-V, similar extraction equilibria are expected.
The number of ligand molecules present in the extracted species
can be obtained from an experiment wherein the distribution ratio
of Y(III) is experimentally measured as a function of the concen-
tration of the extractants. The DY values can be correlated with the
ligand concentration as indicated by Eq. (3):

Log D¼ Log Kexþ3 log ½NO3�þn log ½L� ð3Þ
where Kex represents the two-phase extraction equilibrium con-
stant for Eq. (1). The results of the ligand concentration variation
studies in the form of log D vs log [L] plots are shown in Fig. 4,
which gives straight line plots for all ligands. The slopes are also
listed in Table 1. Only one ligand molecule was found to be
associated for L-IV and L-V, while about two molecules were
involved in the extraction of Y(III) in case of L-I and L-III. Though
the stoichiometry in case of L-I and L-III was slightly higher than
2, extracted species containing three ligand molecules are highly
improbable due to their large size. In case of L-II, however, a
mixture of 1:1 and 1:2 species can be proposed. We have reported
1:2 species with L-I for Eu(III) extraction in a previous report (Raut
et al., 2013). The nature of the species for Sr(II) extraction was not
determined as the DSr values were negligibly small in many cases.

3.3. Separations of carrier-free 90Y from a mixture of 90Sr and 90Y

The enormously large separation factor values obtained with
the ligands L-I and L-II with individual radiotracers, brought us to
carry out an actual separation of carrier-free 90Y from a 1:1
mixture of 90Sr and 90Y. The followed protocol consisted of cycles
of extraction and stripping and the stripped product containing
predominantly 90Y was subsequently tested for its purity. In view
of the good stripping efficiency of EDTA from diglycolamide
extracts (Dutta et al., 2011c), a 1.0�10�2 M solution of EDTA at
pH 3 was used as the strippant solution.

A known amount of an 90Y-90Sr mixture at an acidity of 3 M
HNO3 was used as the feed solution and was contacted
with organic extractants (1.0�10�3 M L-I and L-II in 95%

Table 2
Effect of feed acidity on Sr(II) uptake by 1.0�10�3 M DGA-functionalized calix[4]
arene ligands L-I–L-V. O/A:1, equilibration time: 60 min.

HNO3,
M

L-I L-II L-III L-IV L-V

0.01 o10�4 o10�4 o10�4 o10�4 0.01470.001
0.1 o10�4 o10�4 0.00570.000 o10�4 0.01670.000
0.5 o10�4 o10�4 0.01670.002 0.01770.001 0.01970.002
1 o10�4 o10�4 0.02570.001 0.04470.002 0.03070.000
2 o10�4 o10�4 0.03570.000 0.08570.000 0.05270.002
3 o10�4 o10�4 0.03870.001 0.09870.000 0.05470.003
4 o10�4 0.03670.016 0.03470.007 0.07070.001 0.06470.003
6 o10�4 0.04170.008 0.01270.001 0.02370.001 0.05870.002

Table 3
Separation factors for Y(III)/Sr(II) at different feed acidities.

HNO3, M L-I L-II L-III L-IV L-V

0.01 449 4318 4563 4920 3
0.1 4130 46.3�104 347 45.9�104 131
0.5 43000 41.1�106 1.9�103 2.8�103 1.4�103

1 41.7�104 42.2�106 3.7�103 1.4�103 1.8�103

2 49.4�104 42.6�106 2.9�103 807 1.5�103

3 47.7�105 43.9�106 9.0�103 720 1.7�103

4 42.5�106 1.5�104 1.0�104 1.0�103 1.6�103

6 44.1�106 1.8�104 4.2�104 3.9�103 2.1�103
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Fig. 3. Effect of feed acidity on the separation factors of Y(III)/Sr(II) by DGA-
functionalized calix[4]arene ligands L-I–L-V; [Ligand]¼1.0�10�3 M, equilibration
time: 1 h.

Table 4
Comparison of the separation factor values obtained in various solvent extraction
methods.

Extractant S.F. (Y/Sr) References

TODGA 460,000a Dutta et al. (2011a)
T2EHDGA �600b Dutta et al. (2011a)
PC-88A 480,000c Kandwal et al. (2011)
DGA-functionalized calixarenes 4106 Present work

a Feed: 6 M HCl.
b Feed: 6 M HNO3.
c Feed: 0.1 M HNO3.
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n-dodecaneþ5% iso-decanol) followed by stripping with 0.01 M
EDTA at pH 3. The stripped aqueous phase was dried and the feed
acidity was adjusted to 3 M HNO3 causing precipitation of EDTA,
which was subsequently filtered off. The filtered solution was
treated in the same manner for another cycle of extraction and
stripping. In this manner three cycles were performed and
samples were removed from the organic and the aqueous phases
at each stage.

The purity of the product was ascertained from its half-life
measurements over a period of several days. The decay profiles of
the separated 90Y for L-I and L-II are given in Figs. 5 and 6,
respectively. The half-lives were calculated from the slope of the
semi-log plot as follows:

Half� life¼ 0:301=slope ð4Þ

The half-lives of the products obtained after an extraction step
and after a cycle of extraction and stripping for three consecutive
cycles are listed in Table 5. As the results indicate, the extract

phase invariably was contaminated, while the stripped phases
yielded a better purity of 90Y. L-II gave purer 90Y products than L-I
as the extractant. The final purity of the product was ascertained
by allowing the 90Y product to decay completely over a period of
one month suggesting that the resultant counts (half the counts)
will be due to the impurity in the form of 90Sr while the other half
of the counts were attributed to 90Y resulting from the decay of
90Sr. In a product sample containing about 3�105 dpm of 90Y, the
final counts after one month were about 4 dpm which led to a
decontamination factor (D.F.) of about 105. This is reasonably high
from this solvent extraction based separation method. However, in
order to attain the required D.F. of 106, one needs to couple with
another separation method as reported previously (Dietz and
Horwitz (1992).

4. Conclusions

DGA-functionalized calix[4]arenes L-I–L-V exhibit good extrac-
tion properties for Y(III) ions, while Sr(II) was poorly extracted.
Especially L-I and L-II have separation factors of about 106 for
Y(III) over Sr(II). Using the batch data obtained, a simple solvent
extraction method was developed for the separation of carrier free
90Y from a 90Y-90Sr mixture. Pure 90Y can be obtained after two
cycles of extraction and stripping using L-I and L-II as extractants
from 3 M HNO3 feed with 0.01 M EDTA as strippant. The strongly
complexing ligands will be very suitable for application in radio-
pharmaceuticals. The development of a low ligand inventory
method like the use of a supported liquid membrane is under
investigation. It is also planned to use ligands such as DTPA and
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Fig. 4. Effect of ligand concentration on the distribution ratio of Y(III) by DGA-
functionalized calix[4]arene ligands L-I–L-V; feed acidity: 3 M HNO3, equilibration
time: 1 h.
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Fig. 6. Decay profiles of 90Y product samples obtained at various stages of
extraction and stripping. Feed solution: 90Y-90Sr at 3 M HNO3, ligand: L-II, diluent:
95% n-dodecaneþ5% iso-decanol, strippant: 0.01 M EDTA at pH 3.

Table 5
Half-lives of the products obtained during extraction of 90Y from a 90Y-90Sr mixture.

Extract fraction Half-lives obtained
(h)

Stripping fractions Half-lives obtained
(h)

L-I L-II L-I L-II

Cycle 1 66.5 69.7 Cycle 1 64.8 66.9
Cycle 2 64.7 64.4 Cycle 2 64.4 64.1
Cycle 3 64.5 63.8 Cycle 3 64.1 64.1
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DOTA in the stripping solutions such that the stripped complexes
of 90Y can be directly injected into the patients as the
radiopharmaceutical.

Acknowledgement

The authors (P.K.M. and D.R.R.) wish to thank Dr. A. Goswani,
Head Radiochemistry Division for constant encouragement.

References

Barone, R., Borson-Chazot, F., Valkema, R., Walrand, S., Chauvin, F., Gogou, L., Kvols, L.K.,
Krenning, E.P., Jamar, F., Pauwels, S., 2005. Patient-specific dosimetry in predicting
renal toxicity with 90Y-DOTATOC: relevance of kidney volume and dose rate in
finding a dose-effect relationship. J. Nucl. Med. 46, 99S–106S.

Chakravarty, R., Dash, A., 2012. Availability of yttrium-90 from strontium-90: a
nuclear medicine perspective. Cancer Biotherapy Radiopharm 27, 621–641.

Dhami, P.S., Naik, P.W., Dudwadkar, N.L., Kannan, R., Achuthan, P.V., Moorthy, A.D.,
Jambunathan, U., Munshi, S.K., Dey, P.K., 2007. Studies on the development of a
two stage SLM system for the separation of carrier-free 90Y using KSM-17 and
CMPO as carriers. Sep. Sci. Technol 42, 1107–1121.

Dietz, M.L., Horwitz, E.P., 1992. Improved chemistry for the production of yttrium-
90 for medical applications. Appl. Radiat. Isot. 43, 1093–1101.

Dutta, S., Mohapatra, P.K., Manchanda, V.K., 2011a. Separation of 90Y from 90Sr by a
solvent extraction method using N,N,N0 ,N0-tetraoctyldiglycolamide (TODGA) as
the extractant. Appl. Radiat. Isot 69, 158–162.

Dutta, S., Mohapatra, P.K., Raut, D.R., Manchanda, V.K., 2011b. Preferential extrac-
tion of 90Y from 90Sr using N,N,N0 ,N0-tetra-2-ethylhexyl diglycolamide
(T2EHDGA) as the extractant. J. Radioanal. Nucl. Chem. 288, 389–394.

Dutta, S., Mohapatra, P.K., Raut, D.R., Manchanda, V.K., 2011c. Chromatographic
separation of carrier free 90Y from 90Sr using a diglycolamide based resin for
possible pharmaceutical applications. J. Chromatogr. A 1218, 6483–6488.

Dutta, S., Mohapatra, P.K., Raut, D.R., Manchanda, V.K., 2012. Role of diluent on the
separation of 90Y and 90Sr by solvent extraction and supported liquid mem-
brane using T2EHDGA as the extractant. Appl. Radiat. Isot 70, 670–675.

Ferrari, M., Cremonesi, M., Bartolomei, M., Bodei, L., Chinol, M., Fiorenza, M., 2006.
Dosimetric model for locoregional treatment of brain tumours with 90Y
conjugates: clinical applications with 90Y-DOTATOC. J. Nucl. Med. 47, 105–112.

Gujar, R.B., Ansari, S.A., Murali, M.S., Mohapatra, P.K., Manchanda, V.K., 2010a.
Comparative evaluation of two substituted diglycolamide extractants for
actinide partitioning. J. Radioanal. Nucl. Chem. 284, 377–385.

Gujar, R.B., Ansari, S.A., Prabhu, D.R., Raut, D.R., Pathak, P.N., Sengupta, A.,
Thulasidas, S.K., Mohapatra, P.K., Manchanda, V.K., 2010b. Demonstration of
t2ehdga based process for actinide partitioning part ii: counter-current extrac-
tion studies. Solvent Extr. Ion Exch. 28, 764–777.

Gujar, R.B., Ansari, S.A., Prabhu, D.R., Pathak, P.N., Sengupta, A., Thulasidas, S.K.,
Mohapatra, P.K., Manchanda, V.K., 2012. Actinide partitioning with a modified
TODGA solvent: counter-current extraction studies with simulated high level
waste. Solvent Extr. Ion Exch. 30, 156–170.

Horwitz, E.P., Chiarizia, R., Dietz, M.L., 1992. Novel extraction of chromatographic
resins based on tetra alkyldiglycolamides: characterization and potential
applications. Solvent Extr. Ion Exch. 10, 313–336.

Hsieh, B.T., Ting, G., Hsieh, H.T., Shen, L.H., 1993. Preparation of carrier-free yttrium-
90 for medical applications by solvent extraction chromatography. Appl. Radiat.
Isot 44, 1473–1480.

IAEA Technical Reports Series No. 470, Therapeutic Radionuclide Generators:
90Sr/90Y and 188W/188Re Generators, 2009.

Iqbal, M., Mohapatra, P.K., Ansari, S.A., Huskens, J., Verboom, W., 2012. Preorganiza-
tion of diglycolamides on the calix[4]arene platform and its effect on the
extraction of Am(III)/Eu(III). Tetrahedron 68, 7840–7847.

Kaltsas, G.A., Papadogias, D., Makras, P., Grossman, A.B., 2005. Treatment of
advanced neuroendocrine tumours with radiolabelled somatostatin analogues.
Endocr. Relat. Cancer 12, 683–699.

Kandwal, P., Ansari, S.A., Mohapatra, P.K., Manchanda, V.K., 2011. Separation of
carrier free 90Y from 90Sr by hollow fiber supported liquid membrane contain-
ing bis(2-ethylhexyl) phosphonic acid. Sep. Sci. Technol 46, 904–911.

Lee, T.W., Ting, G., 1991. Study on the separation of carrier free yttrium-90 from Sr-
90. Isotopenpraxis 27, 269–273.

Makrlík, E., Vanura, P., 2008. Mathematical modeling of separation of microa-
mounts of strontium from yttrium in the two-phase water-nitrobenzene
extraction system. J. Radioanal. Nucl. Chem 275, 673–675.

Mohapatra, P.K., Iqbal, M., Raut, D.R., Verboom, W., Huskens, J., Manchanda, V.K.,
2011. Evaluation of a novel tripodal diglycolamide for actinide extraction:
solvent extraction and SLM transport studies. J. Membr. Sci 375, 141–149.

Mohapatra, P.K., Iqbal, M., Raut, D.R., Verboom, W., Huskens, J., Godbole, S.V., 2012a.
Complexation of novel diglycolamide functionalized calix[4]arenes: unusual
extraction behaviour, transport, and fluorescence studies. Dalton Trans. 41,
360–363.

Mohapatra, P.K., Iqbal, M., Raut, D.R., Huskens, J., Verboom, W., 2012b. Unusual
transport behaviour of actinide ions with a novel calix[4]arene-tetra-diglyco-
lamide (C4DGA) extractant as the carrier. J. Membr. Sci 411-412, 64–72.

National Bureau of Standards Handbook. 69, U.S. Department of Commerce, AFP
160-67, 1959, p. 38.

Qaim, S.M., 2001. Therapeutic radionuclides and nuclear data. Radiochim. Acta 89,
297–302.

Ramanujam, A., Achuthan, P.V., Dhami, P.S., Kannan, R., Gopalakrishnan, V., Kansra,
V.P., Iyer, R.H., Balu, K., 2001. Separation of carrier-free 90Y from high level
waste by supported liquid membrane using KSM-17. J. Radioanal. Nucl. Chem.
247, 185–191.

Raut, D.R., Mohapatra, P.K., Ansari, S.A., Godbole, S.V., Iqbal, M., Manna, D., Ghanty, T.K.,
Huskens, J., Verboom, W., 2013. Complexation of trivalent lanthanides and
actinides with several novel diglycolamide-functionalized calix[4]arenes: solvent
extraction, luminescence and theoretical studies. RSC Adv. 3, 9296–9303.

Roy, K., Mohapatra, P.K., Rawat, N., Pal, D.K., Basu, S., Manchanda, V.K., 2004.
Separation of 90Y from 90Sr using zirconium vanadate as the ion exchanger.
Appl. Radiat. Isot. 60, 621–624.

Salutsky, R., Kirly, M., 1955. Preparation and half-life of carrier-free yttrium-90.
Anal. Chem. 27, 567–569.

Sasaki, Y., Sugo, Y., Suzuki, S., Tachimori, S., 2001. The novel extractants diglycola-
mides for the extraction of lanthanides and actinides in HNO3-n-dodecane
system. Solvent Extr. Ion Exch. 19, 91–109.

Schulz, W.W., Bray, L.A., 1987. Solvent extraction recovery of byproduct 137Cs and
90Sr from HNO3 solutions—a technology review and assessment. Sep. Sci.
Technol 22, 191–214.

Suzuki, Y., 1964. Preparation of carrier-free Y-90 from Sr-90 with ion exchange. Int.
J. Appl. Radiat. Isot. 15, 599–602.

Vanura, P., Jedináková-Krízová, V., 2003. Radiochemical 90Y/90Sr generator using
two phase heptachloro-bis-1,2-dicarbollylcobaltate crown extraction system.
Czech. J. Phys 53 (Suppl. A), A459–A464.

Wike, J.S., Guyer, C.E., Ramey, D.W., Phillips, B.P., 1990. Chemistry for commercial
scale production of yttrium-90 for medical research. Appl. Radiat. Isot 41,
861–865.

P.K. Mohapatra et al. / Applied Radiation and Isotopes 85 (2014) 133–138138

http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref1
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref1
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref1
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref1
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref1
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref1
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref2
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref2
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref3
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref3
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref3
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref3
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref3
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref3
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref4
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref4
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref5
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref5
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref5
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref5
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref5
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref5
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref5
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref5
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref5
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref6
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref6
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref6
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref6
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref6
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref6
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref6
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref6
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref6
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref7
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref7
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref7
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref7
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref7
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref7
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref7
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref8
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref8
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref8
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref8
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref8
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref8
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref8
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref9
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref9
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref9
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref9
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref9
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref9
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref9
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref10
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref10
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref10
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref11
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref11
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref11
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref11
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref12
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref12
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref12
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref12
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref13
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref13
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref13
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref14
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref14
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref14
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref15
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref15
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref15
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref16
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref16
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref16
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref17
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref17
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref17
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref17
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref17
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref17
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref17
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref18
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref18
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref19
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref19
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref19
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref20
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref20
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref20
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref21
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref21
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref21
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref21
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref22
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref22
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref22
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref23
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref23
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref24
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref24
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref24
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref24
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref24
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref24
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref25
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref25
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref25
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref25
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref26
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref26
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref26
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref26
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref26
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref26
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref26
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref27
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref27
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref28
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref28
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref28
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref28
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref29
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref29
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref29
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref29
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref29
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref29
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref29
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref30
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref30
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref31
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref31
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref31
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref31
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref31
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref31
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref31
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref32
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref32
http://refhub.elsevier.com/S0969-8043(13)00600-3/sbref32

	Evaluation of several multiple diglycolamide-functionalized calix[4]arene ligands for the isolation of carrier free 90Y...
	Introduction
	Experimental
	Reagents
	Solvent extraction studies

	Results and discussion
	Effect of the feed nitric acid concentration
	Nature of the extracted species
	Separations of carrier-free 90Y from a mixture of 90Sr and 90Y

	Conclusions
	Acknowledgement
	References




